In the present study we attempted to analyze the possibility to induce in mice a T-cell response using killed Listeria monocytogenes in adjuvant. Clearly, nonviable antigen is capable of inducing protective and granuloma-forming T cells in C57BL/6 mice when emulsified in complete Freund's adjuvant. These T cells were cloned in vitro by using antigen and irradiated splenocytes as antigen-presenting cells, and the clones were characterized in vivo. Listeria-specific T-cell clones showed protective and chemotactic activity upon adoptive transfer, although some degree of functional heterogeneity among different clones was observed. The heterogeneous in vivo functions could not be correlated with the ability of the clones to produce gamma interferon or T-cell growth factor (interleukin-2 and/or interleukin-4). It was demonstrated that an in vivo relevant fraction of listeria-specific T lymphocytes can be induced by nonviable antigen in complete Freund's adjuvant. These results show that the low immunogenicity of heat-killed bacteria is not due to the expression of specific protective T-cell epitopes only by live bacteria.
Infections with facultative intracellular bacteria such as Listeria monocytogenes result in the establishment of specific immunity and granuloma formation in host tissues through recruitment and activation of mononuclear phagocytes (20, 21) . Both phenomena depend on the efficient activation and clonal expansion of listeria-specific T lymphocytes (21, 28) . Despite the fact that T-cell-mediated protection has been widely studied in murine experimental infections with L. monocytogenes (8, 15) , the exact mode of the in vivo activation as well as the respective roles of different T-lymphocyte subsets in the processes which lead to granulomatous inflammation and protection in this model system is not yet clearly understood (24) . The induction of both protection and granuloma formation can easily be achieved by immunization with sublethal doses of viable bacteria capable of listeriolysin production and hence of intracellular survival and replication (2, 3, 27) . In contrast to the ease with which it is possible to induce the phenomena accompanying immunity when employing living bacteria, there are great difficulties in inducing T-cell-mediated immunity in vivo with preparations of heat-killed L. monocytogenes (HKL) or fractions derived therefrom (9, 33) . Similarly, nonhemolytic Listeria strains which are unable to multiply in host tissues are not capable of inducing delayed type hypersensitivity (DTH) and long-lasting immunological memory (2, 3) .
There is no sufficient experimental evidence to explain the failure of HKL to activate in vivo appropriate numbers of T cells with protective and chemotactic activity. Three possibilities for explaining the differences between viable and killed bacteria in the induction of a T-cell response are envisaged by us. (i) Inside the macrophage, only viable bacteria might produce or upregulate the production of bacterial molecules which might serve as critical ligands of the T-cell receptor of protective T cells. (ii) Viable bacteria might produce factors, e.g., listeriolysin 0, which, because of their intracellular activity, set the stage for those exclusive pathways of antigen processing by macrophages which result in the presentation of structural epitopes needed for T-cell activation. (iii) There might exist differences between HKL and viable bacteria in their ability to cause local release of lymphokines which are needed as important cofactors for T-cell activation.
In order to answer the question of whether epitopes sufficient for the induction of protective and chemotactic T cells are present in preparations of nonviable listerial antigen, we tested the in vivo induction of an antilisteria response using HKL or soluble antigen (SAG) from L. monocytogenes emulsified in complete Freund's adjuvant (CFA). This approach was chosen because in models of autoimmune diseases it had proven successful in the induction of functionally active T lymphocytes (1, 19) . Long-term T-cell lines and clones induced by both HKL and SAG from L. monocytogenes in CFA were isolated, and their capacity to mediate relevant in vivo functions such as granuloma formation and protection was characterized in an adoptive transfer model. Several functionally heterogeneous T-cell clones were analyzed in detail. Furthermore, since antibacterial activity of T cells is presumably due to local lymphokine release (16, 18, 22) , these listeria-specific clones were tested for the production of T-cell growth factor (TCGF) and gamma interferon (IFN--y) upon stimulation by mitogens or specific antigens. Thus, using a series of T-cell clones with heterogeneous functions, we addressed the question of whether there is a correlation between TCGF (interleukin-2 [IL-2] and/or IL-4) and/or IFN--y release and in vivo protection transferred by T-cell clones specific for L. monocyto-
MATERIALS AND METHODS
Mice. Female mice of the inbred strain C57BL/6 were obtained from the Jackson Laboratory, Bar Harbor, Maine, and kept under specific-pathogen-free conditions in our own animal facilities. Mice were used at the age of 8 to Cultures were set up in enriched medium supplemented with 10% fetal calf serum and incubated for 24 h in those cases in which purified T cells were activated with ConA or for 4 days when T cells had been activated with antigen and antigen-presenting cells. Thereafter, supernatants were collected, cells washed several times and resuspended to the original volume, and cell lysate was obtained by repeated freezing and thawing of the cells. Supernatants and lysates were stored at -70°C until use for further examination as described below. Lymphokine assays. The CTLL cell line (31) was used to detect TCGF as evidence of IL-2 and/or IL-4 activity in supernatants and cell lysates. Briefly, 5 x 103 CTLL cells per well were plated in 96-well flat-bottom microtiter plates in 100 ,ul of enriched medium. Supernatants to be tested were added at 100 ,ul per well in triplicates after serial dilutions. As a standard for determination of IL-2 activities in supernatants, recombinant murine IL-2 (kindly provided by T. Diamantstein, Institute of Immunology, Free University of Berlin; specific activity, 5,000 U/ml) was used in appropriate dilutions. After 24 h of culture, 0.5 ,Ci of 3H-thymidine (5 Ci/mmol; Amersham) was added. Eighteen hours later, CTLL cells were harvested and radioactivity was determined in a p-counter (Packard Figure 1 illustrates the proliferative responses of the lines to different concentrations of the stimulating antigens. All three lines established through immunization with nonviable antigen, THKL-L1, THKL-L100, and TSAG-L1, responded strongly to both HKL and SAG, stimulation indices being well above four times the values of primary proliferation (data not shown), whereas the line induced with viable bacteria, TIT-Ll, shows a clearly lower proliferative response. Lines were cloned by the limiting dilution technique, and four clones, two from the HKL-induced line THKL-L100 and two clones from the SAG-induced line TSAG-L1, were chosen for further characterization. Figure 2 shows the antigen-specific proliferation of the T-cell line-derived clones, THKL-C7, THKL-C13, TSAG-C17, and TSAG-C65. The results showed some heterogeneity with respect to the proliferative response towards HKL and SAG. As can be seen, THKL-C7, TSAG-C17, and TSAG-C65 showed a proliferation profile similar to that of the T-cell lines. In contrast, THKL-C13 reached about 50% of the proliferation in response to HKL and only about 15% of the proliferation in response to SAG compared with the proliferation of the other clones or lines. All tested lines and clones were of the CD4 phenotype, as examined by fluorescence-activated cell sorter analysis.
L. monocytogenes-specific T-cell lines and clones specifically respond to HKL of the low-virulence strain SLCC 5779. Specificity testing revealed that heat-killed antigen of L. monocytogenes SLCC 5779 stimulated lines and clones just as well as HKL from the original EGD strain used for T-cell induction (Table 1) . Both strains differ very much in respect to their virulence, although both are of serovar 1/2a (11) . Thus, common epitopes are shared between different strains of L. monocytogenes. In contrast, no significant proliferation could be observed with antigen-presenting cells alone or with heat-killed BCG as an antigen.
DTH mediated by T-cell lines. In order to determine their chemotactic activity, HKL-or SAG-specific T-cell lines were tested for their capacity to induce a local DTH reaction in naive mice. Cells (2 x tions, as calculated by subtracting the mean differences between the left and right footpad thicknesses of each group of mice, were as follows: THKL-LlO0-PBS-injected mice, 0.13 ± 0.047; THKL-L10(-SAG injected mice, 0.5 ± 0.082; THKL-L1-PBS-injected mice, 0.07 ± 0.047; THKL-L1-SAG-injected mice, 0.5 ± 0.082; and SAG-injected mice, 0.13 + 0.047. This shows that THKL-L100 and THKL-L1 both are able to mediate a significant local DTH reaction in the presence of SAG in naive syngeneic mice.
Chemotactic activity of T-cell lines and clones in the liver after systemic adoptive transfer. It has been described earlier that the expression of adoptive granuloma formation required living bacteria when the transferred T cells were recovered from the spleens of infected mice (27) . Therefore, we examined whether this requirement is also true (Fig. 3C) .
Protection of mice against infection with L. monocytogenes as mediated by CD4+ T-cell line and clones. The protective capacity of the proliferating antigen-specific T cells induced by killed bacteria was examined next. In vitro-propagated cells were adoptively transferred into syngeneic mice infected i.v. with 3 x 104 viable bacteria. Figure 4 shows that after i.v. injection of 5 x 106 T cells of either the SAG-or the HKL-induced cell lines, mice were highly protected against a Listeria challenge. For the protective effect of the transferred T-cell lines to be manifest, no additional administration of lymphokines was needed. Thus, the degree of protection ranged between 3.4 log units for the transfer of the activated T-cell line THKL-L100 and 2.4 log units for the activated T-cell line TSAG-L1 when splenic CFU were counted (Fig. 4, upper panel) . For comparison, protection achieved by adoptive transfer of spleen-derived T-cell line TIT-Ll, which was induced by live bacteria, is given in Fig. 4 (upper panel) . As can be seen, adoptive protection is lower than in most cases in which T-cell lines induced by SAG or HKL were employed. Even higher yields of protection could be observed when the livers of C57BL/6J mice were analyzed, differences in bacterial counts ranging from 5.2 log units for THKL-L100 to 3.4 log units for TSAG-L1 (Fig. 4, upper panel) . The control line TBL/6p195-212, specific for the human acetylcholine receptor a-subunit and cultured with its relevant antigen under the same conditions as the listeria-specific lines, did not have any influence on the bacterial replication in the spleens and livers of infected mice (Fig. 4, upper panel) . In addition, Fig. 4 (lower panel) shows the systemic protection as achieved by adoptive transfer of several clones which had been derived from the T-cell lines. On the clonal level, heterogeneous in vivo functions of listeria-specific T cells could be observed. In the case of the protective clones, adoptive protection, as measured in the livers of naive recipient mice, ranged between 1.3 log units for TSAG-C17 and 3.8 log units for THKL-C7. In contrast, T-cell clone TSAG-C65 did not protect significantly upon adoptive transfer (maximal 0.4 log units). Thus, this clone served as a specificity control of culture and activation conditions. Control experiments revealed that none of the listeria-specific T-cell lines and clones tested showed influence on the replication of B. abortus in the spleens and livers of C57BL/6 mice infected with this bac- Kinetics of in vivo Listeria replication in adoptively transferred mice. In order to test the influence of protective T-cell clones on the different stages of bacterial replication, Listeria growth in the spleens and livers of infected animals was determined 8, 24, 48, and 72 h after experimental infection and transfer of T-cell clone THKL-C7. Figure 5 shows that as soon as 8 h after i.v. infection with L. monocytogenes, a difference between transferred and nontransferred mice can be observed. The difference between the experimental and control group increases markedly until day 3. Furthermore, THKL-C7 causes an early plateau of bacterial replication on day 2 (Fig. 5) . Thereafter, an increasing clearance of L. monocytogenes from liver and spleen can be observed in the group of mice adoptively transferred compared with that in the control group.
No TCGF (IL-2 and/or IL-4) production can be induced in listeria-specific CD4+ T-cell lines or clones. In order to examine for possible TCGF involvement in the protective function of the clones, supernatants and lysates of cells activated specifically or by mitogens were screened for TCGF. Stimulation of both T-cell lines and clones with HKL-primed irradiated splenocytes does not induce detectable secretion of TCGF into the culture supernatants. In addition, a stimulation for 24 h by ConA of the Ficollpurified listeria-specific T-cell clone THKL-C7, THKL-C13, or TSAG-C17 does not result in the secretion of TCGF in the supernatants. The same observations were made when cell lysates were tested for the detection of cellular TCGF contents. Results obtained in the CTLL assay were between 30 and 70 cpm for all supematants and lysates tested (data not shown).
IFN--y production is not correlated with protective capacity of functionally heterogeneous T-cell clones. Since T-cellderived IFN-y production is involved in immunity against intracellular pathogens (16, 18, 22) , we examined the capacity of functionally heterogeneous clones specific for L. monocytogenes to produce IFN--y in response to mitogenic activation. As can be seen in Table 2 4. heterogeneous in vivo functions could be established, we tested a possible correlation of TCGF and/or IFN--y production and specific in vivo functions. L. monocytogenes is a facultative intracellular bacterium which has been intensively studied in order to analyze the mechanisms of T-cell-mediated immunity (20) . T-cell-dependent phenomena, such as chemotaxis resulting in granuloma formation through the influx of monocytes into sites of bacterial replication and the establishment of antibacterial immunity through macrophage activation, are well documented and analyzed in infections with L. monocytogenes (8, 20, 21, 28) . Several studies showed previously that T cells or T-cell clones derived from animals infected with L. monocytogenes are able to transfer protection and DTH (12-14, 16, 22, 23, 25) . It has to be noted that all these T cells and T-cell clones have been induced by immunization of mice with viable bacteria. Several observations suggest that viable and virulent organisms of L. monocytogenes are required for the effective induction of a T-cell response: (i) nonhemolytic mutants of L. monocytogenes incapable of intracellular growth fail to induce a significant level of T-cell-mediated response (3); (ii) when injected i.v., killed bacteria are inefficient to generate acquired immunity (33) or granuloma formation (27) ; and (iii) antibiotic-induced abridgement of Listeria infection strongly interferes with the generation of protective T cells (29) .
The fact that replicating bacteria are required to induce cellular immunity in murine listeriosis correlates well with the kinetics of primary infection in vivo. In a primary infection, T cells infiltrate sites of bacterial replication between days 2 and 3 of infection, whereas during the first 2 days, bacterial growth is limited by resident macrophages independently of T cells (8, 28, 34) . Consequently, a close association exists between efficient bacterial replication in host tissues during a period of 2 days and the occurrence of listeria-specific T cells thereafter. In this context, it has been shown that even high doses of viable bacteria from a nonhemolytic mutant strain unable to multiply intracellularly in vivo fail to induce specific T cells against L. monocytogenes, whereas low doses from the hemolytic revertant strain elicit a strong T-cell response (3). In fact, listeriolysin was shown to be a target for relevant fractions of in vivo-active listeria-specific T cells (2, 7) .
Some groups have reported that repeated injections of crude cell wall fractions of L. monocytogenes in combination with bacterial endotoxin induce resistance or that immunization with a Listeria intracellular product, but not crude whole-bacterium antigen, generates protective T lymphocytes (17, 30) . Several other reports showing induction of acquired resistance by immunization with killed Listeria vaccine upon addition of polyanions or the use of mice with inborn macrophage defects exist (32) . However, these reports were rendered questionable by a study stating that small numbers of viable bacteria are still present in the vaccinating preparation (33) . Regarding vaccination studies with nonviable listerial antigen, it is a generally held opinion that effective induction of listeria-specific, in vivo-active T cells cannot be efficiently achieved by immunization with killed bacteria (2, 3, 9, 26, 27, 33) .
In the present report we show that by taking advantage of an immunization strategy successful in various systems of T-cell mediated immunity (1, 5) , it is possible to induce T cells specific to L. monocytogenes with HKL or SAG emulsified in CFA. Furthermore, long-term culture of isolated T cells as lines and clones allowed for functional characterization in vitro and in vivo. It was demonstrated that upon adoptive transfer, T-cell lines and clones induced by HKL or SAG mediate all phenomena elicited by T cells induced by live bacteria, such as DTH, granuloma formation, and protection. To the best of our knowledge, this report describes for the first time isolated T-cell populations capable of inducing granuloma formation in response to HKL (27) . Furthermore, as shown in this study, the extent of protection adoptively transferred by the T-cell lines and clones induced with HKL or SAG is equal, or in some cases even superior, to the protection transferred by a spleenderived T-cell line induced with live bacteria. The protective effect was shown to be specific for L. monocytogenes, since no protection could be achieved in animals infected with B. abortus. The protection observed through adoptive transfer of cloned CD4+ T cells is in agreement with published results from previous studies using T cells induced with live L. monocytogenes (12-14, 16, 22, 23) . T-cell line THKL-L100 even protects to the same degree as splenocytes directly taken from immune animals. Thus, a relevant fraction of in vivo-active T cells can be isolated from lymph nodes after immunization with SAG or HKL emulsified in CFA. An obvious discrepancy exists between the need for live bacteria for the induction of primary T lymphocytes with chemotactic and protective activity and the fact that killed bacteria may be used to restimulate protective T cells in vitro which are derived from mice immunized with live organisms (12-14, 16, 22, 23) . CD4+ and CD8+ (6) T-cell lines and clones induced by immunization with viable bacteria can be maintained in culture under restimulation with HKL. These culture conditions allow the T cells to keep their capability of transferring protection to naive mice. The fact that HKL is able to restimulate listeria-specific T cells in vitro, in an in vivo DTH reaction, and, as we show in the present report, in granuloma formation in vivo as well demonstrates that induction of a T-cell response and restimulation of specific T cells have different requirements. It has been shown recently that the intracellular growth of virulent bacteria leads to the release by macrophages of lymphokines important for T-cell activation, such as IL-1 (26). This is not the case for HKL. Therefore, HKL might be sufficient as a T-cell epitope but not sufficient in the elicitation of cytokines needed for the amplification of a T-cell response. Certainly, our results suggest that the emulsification of HKL in CFA provides conditions in vivo which allow for the activation and expansion of specific T cells. Thus, sufficient protective epitopes are present on both SAG and HKL.
Further studies will have to concentrate on the exact requirements for the induction of listeria-specific T cells with protective and chemotactic activity. In particular, the search has to be continued for a substance or a combination of substances replacing the immunopotentiating effect of CFA, e.g., by the local application of cytokines as an adjuvant (10) .
